The macrolide antibiotic azithromycin has an antiproliferative and autophagic effect on rabbit tracheal smooth muscle cells (SMCs). The purpose of this study is to investigate the effect of azithromycin on human bronchial SMCs. Human bronchial SMCs were treated with azithromycin (10 À5 M) in the presence or absence of 10% fetal bovine serum (FBS). Cell number was estimated using the Cell Titer 96 AQ ueous One Solution Assay. Induction of autophagy was studied by observation of cell morphology in cells treated or not with the autophagy inhibitor, 3-methyladenine (3-MA), as well as by Lysotracker Red staining of lysosomes. Activation of apoptosis was assessed with flow cytometry after annexin staining. Incubation with azithromycin for 24, 48 or 72 h reduced viability in FBS-deprived cells, as well as cells cultured in FBS-containing medium. Azithromycin treatment resulted in the formation of cytoplasmic vacuoles that could not be prevented by 3-MA. Furthermore, 3-MA did not reverse the effect of azithromycin on the viability of SMCs. There was an increase in the number of lysosomes in cells treated with azithromycin. Finally, azithromycin increased the percentage of early apoptotic cells. In conclusion, azithromycin reduces the viability of human bronchial SMCs possibly by leading to apoptotic cell death.
INTRODUCTION
Azithromycin is a widely used and effective antibiotic because of its antibacterial and anti-inflammatory actions. In airway diseases, macrolide therapy seems to be very effective. Specifically, azithromycin is used in low dosages, for a long time, in chronic airway diseases such as chronic bronchitis, diffuse panbronchiolitis and bronchial asthma. [1] [2] [3] [4] [5] Airway wall remodeling, which appears in some of these conditions, includes among others, thickening of the reticular membrane, proliferation of the smooth muscle cells (SMCs) and increase in both the number and size of vessels. 6, 7 The improvement in the health status of patients treated with macrolides was attributed to the bacteriostatic and anti-inflammatory effects of such antibiotics. However, data available from previous studies in our laboratory show that azithromycin relaxes precontracted rabbit airway smooth muscle. 8 Furthermore, we have shown that azithromycin causes a dose-dependent reversible reduction of SMCs proliferation accompanied by autophagy in cells isolated from the trachea of adult rabbits. 9 The purpose of this study is to examine whether azithromycin has the same effect on human bronchial SMCs.
MATERIALS AND METHODS

Culture of airway SMCs
Human bronchial SMCs (cc-2576, Lonza Group, Basel, Switzerland) were used. Cells were grown in Dulbecco's modified Eagle's medium/Ham/F12 (DMEM/ F12) containing 10% fetal bovine serum (FBS), 100 U ml À1 penicillin and 100 mg ml À1 streptomycin (Gibco BRL, Gaithersburg, MD, USA; Invitrogen Corporation, Carlsbad, CA, USA) at 37 1C in a humidified incubator under 5% CO 2 . All experiments were carried out with cells on passages 3-6.
Treatment of cells
Cells were cultured in serum-free medium for 72 h before further treatment to achieve quiescence. Azithromycin (10 À5 M) (Sigma-Aldrich Chemie, Steinheim, Germany) and 10% FBS were added to cells for 24-72 h as indicated. Control cells remained in serum-free medium. Azithromycin was dissolved in DMEM/ F12 medium.
Induction of autophagy
The autophagy inhibitor 3-methyladenine (10 mM) (3-MA, Sigma-Aldrich Chemie) was added to the medium 3 h before the addition of azithromycin. 3-MA was dissolved in water. The cells were observed under a Nikon eclipse TS100 (Nikon, Melville, NY, USA) inverted microscope using a Leica DFC 480 camera (Leica Cameras, Solms, Germany).
Cell number estimation
Cells were seeded into 96-well plates at a density of 2000 cells per well, allowed to adhere overnight, washed twice with phosphate-buffered saline and incubated in serum-free medium for 72 h before further treatment. Replicates of three were used for each point. Cell number was assessed using the Cell Titer 96 AQ ueous One Solution Assay (Promega, Madison, WI, USA). Briefly, MTS tetrazolium reagent was added directly to each well and incubated for 2 h at 37 1C. The MTS tetrazolium compound is converted to formazan by living cells. 10, 11 Absorbance was measured at 490 nm with a reference at 630 nm in an ELISA plate reader. There was a linear response between cell number and absorbance at 490 nm (data not shown).
Lysotracker Red staining
Cells were stained with Lysotracker Red (Molecular Probes, Eugene, OR, USA; Invitrogen Corporation). 12 Briefly, cells were incubated in 50 nM Lysotracker Red for 2 h at 37 1C, 5% CO 2 , mounted in a drop of phosphate-buffered saline and observed under a Zeiss Axioskop 40 microscope (Carl Zeiss, New York, NY, USA), using a Leica DFC 480 camera (Leica Cameras).
Assessment of apoptosis
To obtain the proportion of early apoptotic, alive and dead cells, SMCs were stained with Annexin V and 7-AAD using the Beckman Coulter Annexin V-FITC/7-AAD Kit (Beckman Coulter, Fullerton, CA USA). Accordingly, cells were harvested, washed twice with ice-cold 1Â phosphate-buffered saline, cell pellets resuspended in 100 ml ice-cold 1Â binding buffer, and 10 ml of Annexin V-FITC solution and 20 ml of 7-AAD Viability Dye were added. Cells were mixed gently, incubated for 15 min in the dark on ice and events were acquired using an FC500 flow cytometer system (Beckman Coulter) equipped with an argon ion laser and analyzed on the FL1 and FL3 channels. Fluorescence thresholds were determined using unstained and single stained cell populations.
Analysis
In cell viability experiments, each point was carried out in triplicate and the values presented are the mean of independent experiments. All data are expressed as means±s.e. and N refers to the number of experiments. Differences between means were analyzed by one-way analysis of variance with statistically significant differences between groups being determined by Bonferroni post hoc test. A comparison is considered significant when the P-value is o0.05. The statistical analysis was performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA). Image analysis of the images obtained from the Lysotracker Red staining was conducted using Adobe Photoshop 7.0 (www.adobe.com/products/photoshop/family), and results were expressed as intensity values.
RESULTS
Incubation with 10 À5 M azithromycin for 24-72 h of quiescent SMC in serum-free medium significantly reduced the human bronchial SMC number. For example, the number of SMCs in the presence of azithromycin was 59.3 ± 12.5% at 24 h, 51.7 ± 6.5% at 48 h and 56.2 ± 6.2% of control at 72 h (Po0.01 compared with control, Figure 1 ).
The number of human bronchial SMCs treated with 10 À5 M azithromycin in the presence of 10% FBS for 24, 48 and 72 h was also suppressed to 54.2±6.31, 46.4±1.9 and 49.5±4.0% of control, respectively (Figure 1 ). On the other hand, the estimated cell number in 10% FBS was increased to 118.7 ± 5.2% at 24 h, 141.2 ± 9.1% at 48 h and 157.4±9.4 at 72 h compared with control (Figure 1) .
Treatment of human bronchial SMCs, with 10 À6 -6Â10 À6 M azithromycin in 10% FBS-containing or in serum-free medium, did not significantly affect their number (data not shown).
Moreover, treatment of human bronchial SMCs with 10 À5 M azithromycin for 24 h both in the presence or absence of FBS resulted to the formation of cytoplasmic vacuoles, reminiscent of autophagy (Figure 2 ).
We assessed whether 3-MA (10 mM), an inhibitor of class III phosphotidylinositol-3-kinases that blocks autophagy, 13, 14 inhibits the effect of azithromycin in these cells. Pretreatment of human bronchial SMCs with 3-MA had no significant effect on the formation of vacuoles (Figure 2 ). In addition, 3-MA pretreatment did not affect the reduction of SMC numbers induced by azithromycin (Figure 3) .
To study the nature of the vacuoles formed in azithromycin-treated cells, we used Lysotracker Red, a fluorescent acidotropic probe for labeling and tracking of lysosomes in live cells. The treatment of SMCs with 10 À5 M azithromycin for 24 h increased the luminosity intensity level (Figure 4) , indicating an increase in the number of lysosomes. 
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Finally, the proportion of early apoptotic, alive and dead cells was studied using Annexin V and 7-AAD staining. Azithromycin increased the percentage of the early apoptotic population from 14.5 to 27.5% when added to cells in the FBS-free medium and from 6.8 to 20.1% in cells cultured in FBS-containing medium ( Figure 5 ).
DISCUSSION
The results from this study indicate that azithromycin reduces the viability of human bronchial airway SMCs. This effect is probably mediated by the induction of autophagy that drives the cells to apoptosis. Azithromycin decreases the viability of human bronchial SMCs cultured both in medium containing 10% FBS, as well as in serum-free medium. These results suggest that the effect of azithromycin on these cells is independent of the proliferative status of the cells. Moreover, it does not depend on the duration of treatment with azithromycin, as the effect reaches its maximum at the first 24 h of incubation in both FBS-fed and serum-starved cells.
There are studies showing that in chronic airway diseases SMC represent a mixed population of two different phenotypes, a contractile (elongated cells) and a synthetic one. These two phenotypes seem to have different responses to stimuli that affect cell proliferation. [15] [16] [17] The percentage of the contractile phenotype in canine tracheal SMCs is about 8.9%, and after 7 days of serum starvation it appears elevated to the point of 18% of total population. 17 Therefore, only a minor percentage of the culture population seems to be different. In our experiments, we used cells that were incubated in serum-free medium for 72 h to synchronize the cells in a nonproliferative status. The population we used seems to be homogeneous. The lack of timedependent effect could be attributed to the fact that azithromycin is a stimulus too intense for these cells, which leads them rapidly to apoptosis after 24 h of treatment.
There are a few studies on epithelial or SMCs that suggest that macrolide antibiotics may affect cell proliferation. Specifically, roxithromycin, SAR943, a rapamycin analog, as well as rapamycin itself inhibit the proliferation of human coronary artery SMCs, 18 epithelial and airway SMCs, 19 and rapamycin also inhibits the proliferation of hepatocytes. 20 Other macrolides such as erythromycin have been shown to inhibit hypertrophic and metaplastic changes of goblet cells in rat nasal epithelium, as well as inhibit the proliferation of human mononuclear cells. 21, 22 Azithromycin along with clarithromycin are reported to induce apoptosis of activated lymphocytes. 23 In previous studies in our laboratory, azithromycin was also observed to cause reversible autophagy in rabbit tracheal SMCs, but not apoptosis, as well as reversible inhibition of the proliferation. 9 Interestingly, azithromycin seems to affect cell proliferation by inducing both autophagy and apoptosis, with the threshold between the two procedures being affected by cell type.
Azithromycin treatment caused cytoplasmic vacuoles formation. These vacuoles are stained with Lysotracker Red, pointing out the presence of lysosomes and seem to be autophagic. However, the inhibitor of autophagy, 3-MA, did not prevent neither vacuole formation nor the reduction of cell number, caused by azithromycin. Moreover, the percentage of early apoptotic cells increased after azithromycin treatment. These results suggest that azithromycin may induce an intense or fast effect on human bronchial SMCs that leads the cells to extended autophagy and induces apoptosis within the first 24 h of treatment. Previous studies in our laboratory showed that azithromycin caused a reversible inhibition of rabbit tracheal SMCs proliferation, accompanied by autophagy, but did not induce apoptosis. 9 However, there is evidence that autophagy and apoptosis are not mutually exclusive. [24] [25] [26] Whether stress conditions will lead the cell to autophagy or apoptosis depends on the nature, intensity and duration of the effect, as well as the cell type and energy condition of the cell at the time that it received the effect. 27 Furthermore, although azithromycin displayed a dose-response effect on rabbit tracheal SMC proliferation, in concentrations 10 À6 -10 À5 M, 9 such a dose-dependent effect could not be observed on human bronchial SMCs. In contrast, azithromycin seems to have a none or all effect in human bronchial SMCs, with the concentration 10 À5 M being the threshold. Interestingly, when azithromycin has been used in clinical studies, the administrated concentration resulted in a lung concentration of 8.93 mg l À1 , corresponding to B10 À5 M of azithromycin. 28, 29 The same concentrations were used when the anti-inflammatory and antibacterial effect of azithromycin was studied. 30, 31 In summary, our results show that treatment of human SMCs with azithromycin reduces cell viability possibly through apoptosis. In addition to the known antibacterial and anti-inflammatory role of azithromycin, this pro-apoptotic effect on human bronchial SMCs might be of clinical significance.
